
The Limbed Excursion Mechanical Utility Robot 

(LEMUR) is a rock-climbing robot (Figure 1), 

developed at the NASA Jet Propulsion 

Laboratory (JPL). It was designed to traverse 

extreme terrain environments that may be 

inaccessible to traditional wheeled rovers. 

Robotic explorations of other planetary surfaces, 

like Opportunity and Curiosity on Mars, are often 

restricted to investigating scientific targets on 

relatively flat surfaces. However, scientifically 

valuable geologic and biologic sites on other 

planetary surfaces may be located in places 

these rovers cannot approach. For example, on 

Mars access to steep cliff faces to study 

stratigraphy of Valles Marineris (1) or the icy 

terrain found in the polar region (2) are of great 

interest. Other unreachable surfaces by wheeled 

robotic platforms include the surface of Europa 

(3) or Enceladus (4), as well as microgravity 

environments on asteroid or cometary surfaces 

(5) or in subsurface voids. Recent observations 

(6 - 9) have revealed the presence of skylights on 

the Moon and Mars that could serve as entrances 

to larger subterranean voids. These subsurface 

locations may contain unaltered geologic 
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Figure 1.  LEMUR scaling a nearly vertical granite outcrop at the Sweeney Granite Mountains 
Desert Research Center. Microspine gripper end effectors are attached to the chassis via 
seven degree-of-freedom limbs. A perception system consists of a camera and LIDAR 
mounted to a mast on the chassis. A safety line and a tethered power cable are also present 
above and below LEMUR. 
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maintaining an anchor. Figure 2 shows an 

annotated image of a microspine gripper end 

effector (11). LEMUR climbs by incrementally 

moving its limbs; once a gripper has successfully 

anchored to the surface, the next limb in the 

climbing sequence detaches from the wall, 

actuates its seven-jointed limb to position the 

gripper over a new location, contacts the surface, 

and reengages the microspines to grip the 

surface. 

 

LEMUR is equipped with a perception system 

(Figure 1) that generates context imagery and 

point cloud maps of the surface to provide input 

to gripper placement decisions. An artificial 

intelligence classifier identifies the safest route to 

a designated target based on properties of the 

surface, including its texture and the success of 

previous climbs on similar surfaces. During 

typical operations, LEMUR generates an initial 

map of the area, shown in Figure 3, and an 

operator directs LEMUR to a point of scientific 

interest. LEMUR chooses the safest path to this 

target and begins to climb autonomously, 

beginning scientific investigations upon arrival. 

During previous field expeditions, we 

demonstrated the integration of an instrument 

payload with LEMUR, consisting of an infrared 

spectrometer, an ultraviolet fluorescence and 

Raman spectrometer, and an X-Ray fluorescence 

spectrometer (13). LEMUR has a wingspan of 

approximately 1.5 m (with 70 cm limbs) and has 

a mass of approximately 24 kg. 

 

The focus of our field demonstration at Sweeney 

Granite Mountains Desert Research Center 

(Figure 4) was to test the graspability of the 

microspine grippers on relatively smooth rock 

surfaces during long climbing operations on a 

rock type with limited data in the perception 

systemôs classifier database. Previous field tests 

in basalt lava tube caves tested LEMURôs 

capability to grip relatively porous, rough 

surfaces. In contrast, the granite rocks at the 

Sweeney Granite Mountains Desert Research 

Center field site are non-porous, smooth, and 

easily flake off, posing a greater challenge for 

LEMUR to remain anchored onto the surface 

without slipping. This granite outcrop could be 

considered an analog for other granite sites in 

the solar system (14), however, the site was 

primarily selected to demonstrate autonomous 

operations on a relatively smooth vertical surface 

- sharply contrasting previous porous, rough 

basaltic lava tube field sites. 

 

Figure 5 shows a sequence of images of LEMUR 

climbing approximately 4.2 meters over seven 

hours, collected during autonomous operations. 

Our test demonstrated successful implementation 

of the LEMUR perception system on an 

unclassified target over a long duration with 

minimal human intervention. These tests simulate 

the autonomous navigation employed during 

samples or well-preserved evidence of extant or 

extinct biologic activity (10). Delivering scientific 

instruments to these complex targets will be 

critical for investigations of high value targets. 

 

Originally inspired by the adhesive properties of 

gecko feet, LEMUR is capable of climbing on a 

variety of surfaces through the use of various end 

effectors. These end effectors are designed with 

specific surface properties in mind and can be 

attached to the robot according to where it will be 

exploring. On LEMUR there are three end 

effectors that can be implemented: 1) gecko 

adhesive end effectors grip smooth surfaces by 

taking advantage of van der Walls forces 

between the gripper and the surface (11), 2) ice 

screw end effectors could be used to anchor 

LEMUR to icy surfaces (12), and 3) microspine 

grippers are used to climb rough, rocky terrain 

(11). The microspine grippers tested during our 

recent field test at the Sweeney Granite 

Mountains Desert Research Center allow 

LEMUR to anchor itself to vertical or overhanging 

rough surfaces. Each microspine end effector 

contains hundreds of steel hooks embedded in 

toe-like cartridges, which contact the surface and 

are pulled inward to grip the rock - not unlike the 

mechanics of a rock climberôs fingers while 

grabbing a climbing hold. The load applied to the 

end effector is shared across hundreds of 

microspine anchor points, which permits many 

microspines to fail to grip the surface while safely 
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Figure 2. A microspine gripper end effector suited to anchor LEMUR to rough surfaces (11). 



planetary missions, where it becomes impractical 

for human operators to command robotic 

movements due to bandwidth restrictions or 

substantial input time delays. This successful 

demonstration of autonomous climbing on a 

relatively smooth vertical site brings LEMUR one 

step closer to serving as a robotic platform for 

future scientific investigations on other planetary 

surfaces. 
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Figure 3. A point cloud map used as an input to autonomous navigation. The points have a 
resolution of 30 mm in the climbing workspace and the range of the perception system 
extends from 0.1 ï 30 m. A photograph associated with this point cloud is presented in 

Figure 5. 
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Additional Information 

JPL News: For Climbing Robots, the Sky's the 

Limit: 

https://www.jpl.nasa.gov/news/news.php?feature

=7449 

 

Video: NASA Climbing Robot Scales Cliffs and 

Looks for Life: 

https://www.youtube.com/watch?v=q2SKa9IEG4

M 

Video: Granite Mountain LEMUR Climbing 

(Autonomous): 

https://www.youtube.com/watch?v=zEd-ut1xzZ8 

 

Figure 5. A sequence of photographs of LEMUR showing climbing progress at Sweeney Granite Mountains Desert Research Center. LEMUR 

climbed approximately 4.2 meters in seven hours. 
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Earth's climate is changing (1). How it changed in 

the past and why it changed is at the forefront of 

scientific research today. Changing climate is of 

particular interest for regions of the Earth where 

water is scarce. Understanding how and why 

water availability changed in the past provides 

insight to how water availability may change in 

the future and thus improve water management 

practices. This understanding is particularly 

important for water-stressed, arid regions. 

 

Mojave National Preserve is located in one of the 

most arid regions on the planet. Surprisingly, 

there is abundant geological evidence that large 

lakes existed throughout the Mojave in the 

geologically recent past, specifically the late 

Glacial (15,000-11,700 years) and into the early 

Holocene (11,700-8,000 years). However, the 

finer details (e.g., centennial to sub-centennial 

scales) of climatic change across the Mojave 

over the past 15,000 years remain less 

developed because the occurrence of high 

quality paleoclimatic evidence is rare or 

incomplete in arid environments (2, 3). 

Previously, researchers have used pack rat 

middens, wetland spring deposits, and lake mud 

to reconstruct past climatic change in the Mojave 

region (2-5). Here, I focus on lake mud. 

 

Why study lake mud? Like the pages in a history 

book, lake mud also tells a story. This story is 

possible because the mud accumulates from 

year to year in lake basins. The layers contain a 

variety of materials that reflect the history of 

conditions in the lake and its surrounding 

environment, including: floods, pluvials (long 

periods of above average wetness), drought 

(long periods of below average wetness), fire, 

and vegetation change. Lake mud is a 

combination of: 1) washed in weathered and 

San Bernardino Mountains but instead gets all of 

its water directly from within the Mojave Desert. 

Using this record, 8,650 years of precipitation 

history is inferred for Mojave National Preserve. 

 

Modern climate is critical to understanding past 

climate. Climate is loosely defined as the average 

temperature and precipitation for a region over at 

least a 30-year interval. The modern climate of 

coastal southern California is described as 

Mediterranean with winter dominant precipitation 

(7). The Mojave Desert Region climate, however, 

is seasonal with 66% of the rainfall occurring 

during winter months (Pacific frontal systems) 

and 34% during the summer months (monsoonal 

and dissipating tropical cyclones) (8-10). What 

role summer precipitation played in the regionôs 

past hydrologic budget ï such as during the late 

Holocene (4,200 years through modern) ï is a 

matter of debate (2, 4, 11, 12). Today, however, 

neither the monsoon nor dissipating tropical 

cyclones affect the regionôs annual hydrologic 

budget in terms of filling, or sustaining, playa 

lakes. It is generally agreed that winter, not 

Mojave Climate Hidden in Lake Mud 
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Figure 1. Ford Lake Google Earth image map. Approximate modern lake boundary is 
highlighted in white. Relevant core and trench sites are marked as well as inlets and the lake 

spillover elevation. Modified from (14). 
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eroded rock; 2) organic debris such as charcoal, 

leaves, and organisms living in the water; 3) 

organic and inorganic minerals precipitated within 

the water such as snail shells and calcite 

crystals, respectively; and, 4) eolian (wind-blown 

dust) materials. Each of these materials tells a 

story. Figuring out what story they tell depends 

on a variety of factors such as sediment 

preservation, climatic sensitivity, quantity of 

materials, and age resolution (e.g., how much 

time the sediments preserve). 

 

To date, most lake studies in the Mojave have 

focused on the large lakes that receive run-off 

from the Mojave River such as Soda Lake, Silver 

Lake, and Cronese Lakes (2, 6). The Mojave 

River drains the San Bernardino Mountains. As a 

result, the lake basins fed by the Mojave River 

record a combination of coastal climate (i.e., run-

off from the San Bernardino Mountains) and 

Mojave climate. Unraveling these two 

contributing climatic signals is very difficult. In this 

project, I use mud from Ford Lake (Figure 1), 

which is a lake that receives no runoff from the 



 

  

All sediments were visually described either in 

the field (trenches) or back in the lab (pound 

cores). Magnetic susceptibility, percent water 

content, percent total organic matter via loss-on-

ignition (LOI) 550 ºC (15), percent total carbonate 
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summer, precipitation dictates the formation and 

persistence of lakes in the Mojave Desert (11, 

13). As a result, we focus on winter precipitation 

as the predominant moisture-source 

interpretation for Ford Lake sediments. We note, 

however, that it is not possible to separate the 

winter from summer precipitation components 

using our various sediment analyses. Therefore, 

changes in summer contributions versus winter 

contributions over time cannot be evaluated for 

Ford Lake. 

 

Ford Lake is an ephemeral lake located in the 

southeastern portion of Mojave National 

Preserve, approximately 290 km northeast of Los 

Angeles, California (Figure 1). We estimated the 

maximum historical lake depth at ~10 m using 

the difference between the lowest elevation of 

the Thompson Wash berm, elevation ~1237 m, 

and the modern lake bottom, elevation ~1227 m 

(Figure 2) (14).  The Thompson Wash berm is 

the lowest elevation along the lakeôs perimeter 

where spillover would likely occur. Based on 

satellite images and Google Earth historical 

images, there has been no standing water ï 

aside from a small human made watering hole ï 

in Ford Lake over the past 20 years. 

Consequently, it is difficult to speculate on Ford 

Lakeôs true historic lake depth or range of depth. 

 

Three sediment pound cores and two trench 

cores were collected at Ford Lake in 2015 (14) 

and 2016. Core FLPC15-1 & 2, FLTR15-1, and 

FLPC16-1 (Site 1) were all collected from the 

same location (Figure 1). Trench core FLTR16-1 

(Site 2) was collected approximately 100 m south 

of the latter sites (Figure 1). In all, we collected 

355 cm of sediment from Site 1; whereas, we 

collected only 150 cm of sediment at the Site 2 

trench. The focus of this report is the 355 cm 

section from Site 1. 

 

The sediment from the surface down to 322 cm is 

predominantly a massive brown clayey silt with 

minor sand. There are visible organics 

throughout much of the section including small 

twigs, roots, and seeds. There is a sharp 

lithologic change at 322 cm from a clayey silt to a 

silty-gravelly sand with little to no clay. We do not 

provide a stratigraphic profile because, with the 

exception of the lower 33 cm (322-355 cm), the 

sediment is largely homogenous and 

Figure 2. Ford Lake location with the drainage basin (watershed) highlighted in light green. 

Modified from (14). 

nondescript. Due to the nature of the sampling, 

we could not identify sedimentary structures such 

as mud cracks, laminae, or cross bedding. All 

data are shown by Figure 3. 

 


